Our objective was to evaluate, probably for the first time, the impact of CD34 subsets on engraftment kinetics in allogeneic PBSC transplantation (PBSCT). PBSC graft components were analyzed in 62 cases for the absolute count/kg of total CD34 þ and the following subsets: DRÀ and þ , CD71 þ /À, CD38þ /À, CD33þ /À and CD61 þ /À. Time to ANC 40.5 and 41 Â 10 9 /l and platelets 420 and 450 Â 10 9 /l was reported. The median value for each parameter was used to discriminate rapid from slow engraftment. Four parameters showed significant predictive power of early neutrophil engraftment, namely CD34 þ / DRÀ (P ¼ 0.002), CD34 þ /38À (P ¼ 0.02), CD34 þ / CD61À (P ¼ 0.04) and total CD34 þ cell dose (P ¼ 0.04). Four parameters showed significant predictive power of early platelet engraftment, namely CD34 þ /CD61 þ (P ¼ 0.02), CD34 þ /CD38À and total CD34 þ cell dose (P ¼ 0.04) and CD34 þ /CD71À (P ¼ 0.05). Comparing patients who received 4to those who received o the threshold dose(s), only CD34 þ /CD38À lost its significance for neutrophil engraftment; and only CD34 þ /CD61 þ retained its significance for platelet engraftment (P ¼ 0.03); furthermore, the former group required significantly fewer platelet transfusions (P ¼ 0.018). We concluded that in allogeneic PBSCT, the best predictor of early neutrophil engraftment is the absolute CD34 þ /DRÀ and for early platelet engraftment is the absolute CD34 þ /CD61 þ cell dose.
engraftment kinetics
Engraftment kinetics in BM or PBSC transplantation (PBSCT) depends on the number and efficiency of stem cells in the graft. Currently, stem cell evaluation is performed by counting CD34 þ cells. However, the phenotypic characterization of primitive cells as CD34 þ is far from sufficient and more accurate characterization of progenitors with stem cell potential within the CD34 þ population is needed. 1, 2 In general, the higher the count of CD34 þ cells, the more rapid the engraftment and transplanters tend to infuse all the available CD34 þ cells even if in very high numbers. Recently, however, infusion of high number of CD34 þ cells was shown to be associated with increased risk of chronic GVHD, a highly morbid sequel of BMT. 3 Unlike autologous transplantation, securing enough number of CD34 þ cells for engraftment is not a common problem in allogeneic BMT except in cord blood transplantation or in case of children donating to adults. 4 Many studies have evaluated the impact of CD34 þ subsets on engraftment kinetics in autologous PBSCT, but none has addressed this issue in the allogeneic setup. With the introduction of allogeneic PBSCT, concern was raised about the expected higher incidence of GVHD. This was denied by the majority for the acute form, yet increased incidence and severity of chronic GVHD is documented. 5 A higher T-cell dose delivered with the graft was implicated by these authors; however, a more recent study pointed to the total CD34 þ cell dose as the main factor contributing to chronic GVHD and neither CD3 þ nor CD14 þ cell dose seemed to play any role. 3 CD34 þ cells are a heterogeneous population including the early uncommitted fraction as well as different subsets committed to one or the other lineage. Hence, defining the CD34 subset that is most predictive of engraftment and its threshold value would be of utmost importance. Care should be taken to infuse an appropriate number of total CD34 þ cells or of the relevant subset(s) to secure engraftment and to avoid infusion of excess CD34 þ cells to minimize the risk of chronic GVHD.
In this work, we have analyzed the graft components from 62 PBSC harvests for total CD34 þ cells and its subsets. Correlation of the different parameters with time toneutrophil and platelet engraftment as well as their value in predicting rapid engraftment was evaluated. Patients were followed up for a minimum of 19 months. The impact of CD34 þ cell dose and subsets on acute and chronic GVHD as well as on relapse and transplantation-related mortality (TRM) was analyzed.
Patients and methods

Patients
The study included 62 patients who received allogeneic PBSCT from HLA-identical siblings in the period between September 2001 and May 2002 at Nasser Institute Hospital and Research center and NCI, Cairo University. Patient's characteristics are shown in Table 1 . Written informed consents were obtained from each patient and donor or the parents in those less than 21 years, and the institutional review boards approved the protocol.
Donors
The donors' ages ranged from 2 to 49 with a mean of 22.7 þ 11.8 and a median of 21 years. Donors were treated with GCSF (Filgrastin; Amgen Inc., Thousand Oaks, CA, USA) at a dose of 10 mg/kg per day. Leukapheresis was performed using continuous flow blood separator (Cobe Spectra) in 55 and interrupted flow separator (Hemonetics) in seven cases. Leukapheresis started from day 5 until a CD34 þ cell dose of X3 Â 10 6 /kg patient body weight was collected. The target was achieved in one setting in 56 and two collections were needed in six cases.
All patients had a central venous line and were nursed under strict protective isolation barrier nursing units with HEPA-filtered air. For the remaining supportive care (including antimicrobial prophylaxis, hydration, hemorrhagic cystitis prophylaxis, parental nutrition and blood component support), all patients were managed using the same protocol. A total of 23 patients received CY-TBI regimen in the form of a total dose of radiotherapy of 10 Gy fractionated over 4 consecutive days (4 Â 2.5 Gy), followed by cyclophosphamide 60 mg/kg/day for 2 consecutive days. In all, 16 patients received BU-CY regimen in the form of busulfan 4 mg/kg/day for 4 consecutive days followed by cyclophosphamide 60 mg/kg/day for 2 consecutive days. Eight patients (SAA) received CY/ATG in the form of cyclophosphamide 50 mg/kg/day for 4 consecutive days followed by ATG 10 mg/kg/day for 3 consecutive days. A total of 15 patients received Alk/Flu (nonmyeloablative) in the form of Alkerane 70 mg/m 2 /day for 2 consecutive days followed by Fludarabine 30 mg/m 2 / day for 4 consecutive days. Cyclosporine (CSP) þ methotrexate (MTX) was given to myeloablated and CSP þ MMF (Cellcept, Roche) to nonmyeloablated patients as GVHD prophylaxis.
CD34 þ and subsets evaluation
Enumeration of CD34 þ cells and the various uncommitted and lineage committed subsets namely DRÀ/ þ , CD38À/ þ , CD71À/ þ , CD33À/ þ and CD61À/ þ were performed using double and triple staining with the following panel of monoclonal antibodies (mAbs): Whole blood staining was performed as previously described. 6 In short, 10 ml of specific mAb or isotype control was added to 100 ml whole blood and incubated for 30 min at 41C in the dark. Cells were washed once with hemolysing solution (lyse no wash method). Analysis was performed on Coulter XL Flow Cytometer using the ISHAGE protocol to determine the percentage of CD34 þ cells. 7 Percentage of various subsets was evaluated by gating on CD34 þ cells. Absolute values for CD34 þ and various subsets were calculated.
Evaluation of engraftment
Five patients died before engraftment and were excluded from analysis. Time to neutrophil engraftment was defined as the first of 3 consecutive days in which the absolute neutrophil count (ANC) was X0.5 Â 10 9 /l; time to TLC and neutrophil count X1 Â 10 9 /l was also determined. Time to platelet engraftment was defined as the first of 3 consecutive days in which the transfusion-independent platelet count was X20 Â 10 9 /l; time to platelet count of X50 Â 10 9 /l was also determined. The median for each parameter was used to discriminate rapid from slow engraftment.
Follow up of the patients
Patients were followed up for a period of 19-30 months with a median of 25 months. Acute and chronic GVHD CD34 subsets and engraftment in allogeneic PBSCT AM Kamel et al were reported as well as relapse and transplantation related mortality (TRM).
Statistical analysis
Statistical Package for Social Sciences (SPSS) version 10.0. was used for data analysis. The absolute values of CD34 þ cells and its subsets were expressed as mean7s.d./kg recipient body weight, minimum, maximum and median were also recorded. Non parametric t test (Mann-Whitney test) was used for comparing means of two groups. Correlation between infused dose of CD34 þ cells and various subsets with time to neutrophil and platelet engraftment was performed using Pearson correlation analysis. The predictive power for early engraftment (pmedian value) of each component was evaluated using receiver operator characteristic curve (ROC) and the threshold value for rapid hematopoietic recovery defined by the optimal sensitivity. To test the validity of the threshold value to discriminate between rapid and slow engraftment, the Kaplan-Meier test was used to evaluate the difference in engraftment kinetics between patients who received Xand those who received o the threshold dose; statistical significance was determined by log rank. For all the tests performed, a P-value of p0.05 was considered significant.
Results
The percentage and absolute count of CD34 þ cells and subsets obtained from different donors were extremely variable. No correlation was encountered between the yield of any of the components with either age, body weight or surface area of the donor. The infused dose of total CD34 þ cells and its subsets was extremely variable for different patients (Table 2) . No correlation was encountered between total CD34 þ cells and any of the subsets or between the subsets and each other. The time to achieve transfusion independent TLC of X1 Â 10 9 /l, ANC of X0.5 Â 10 9 /l, and X1 Â 10 9 /l and platelets X20 and X50 Â 10 9 /l in the evaluable 57 patients is shown in Table 3 .
One patient directly attained the threshold for both TLC and ANC of X1 Â 10 9 /l on the same day; on the previous day he had ANC o0.5 Â 10 9 /l. Excluding this patient, the range for TLC X1 Â 10 9 /l would be 7-22 days and for ANC X0.5 Â 10 9 /l would be 8-26 days and X1 Â 10 9 /l would be 9-27 days. Two patients suffered from complications before platelet engraftment and were excluded from analysis. Platelet count X100 Â 10 9 /l was recorded in 38 patients and achieved after a median of 15.5 days (range 10-31) days. There was no relation between engraftment time and either age or gender of the patients. There was no difference in the engraftment time between patients who received myeloablative or nonmyeloablative conditioning regimen. Within the former group there was no impact of TBI on engraftment kinetics (Table 4) .
Impact of total CD34 þ cells and subsets on engraftment kinetics
Some correlation was encountered between time to ANC X0.5 Â 10 9 /l and three parameters namely total CD34 þ cell dose (r À0.28, P ¼ 0.03), CD34 þ /CD61À (r À0.27, P ¼ 0.045) and CD34 þ /CD33À (r À0.253, P ¼ 0.058). No correlation was encountered between any of the parameters and either TLC or ANC X1 Â 10 9 /l or platelet engraftment. The median value for time to achieve the target counts was used to discriminate rapid from slow engraftment. Only CD34 þ /DRÀ subset showed predictive power for early TLC engraftment at o13 days (71%, P ¼ 0.02) at a threshold dose of 1.29 Â 10 6 /kg. The 40 patients who received X the threshold engrafted at 12.672.1 days with a range of 7-20 and a median of 12 days; the 17 patients who received o1.29 Â 10 6 /kg engrafted at 15.776.3 with a range of 8-32 and a median of 15 days (P ¼ 0.009).
Four parameters were predictive of early neutrophil engraftment ( Figure 1 ). They included CD34 þ /DRÀ, CD34 þ /CD38À, CD34 þ /CD61À and total CD34 þ cell dose at a threshold of 2.12, 3.51, 8.11 and 8.95 Â 10 6 /kg, respectively. The probability for early engraftment was 80% (P ¼ 0.002), 73% (P ¼ 0.02), 70% (P ¼ 0.04) and 69% /kg, respectively. The probability for early engraftment was 71% (P ¼ 0.02), 69% (P ¼ 0.04), 69% (P ¼ 0.04) and 68% (P ¼ 0.05) for the four subsets. Comparing engraftment time in patients who received X to those who received o the threshold dose, only CD34 þ / CD61 þ retained its statistical significance. The 30 patients who received CD34 þ /CD61 þ dose of X1.19 Â 10 6 /kg had a transfusion independent platelet count of X20 Â 10 9 /l at 11.973.8 days with a range of 7-25 and a median of 10 /l was encountered between the two groups.
Impact of total CD34 þ cell count and subsets on GVHD Acute GVHD was encountered in nine out of the 57 evaluable patients; five had grade 1 and four had grades 2-4. There was no significant impact of CD34 þ cells or any of its subsets (% or absolute) on occurrence or severity of acute GVHD.
Chronic GVHD occurred in 14 out of the 57 patients being de novo in 12 and secondary to acute GVHD in two cases. There was no impact of CD34 þ cells or subsets on the occurrence of chronic GVHD except for a lower absolute CD34 þ /CD33 þ cell dose in the 14 patients who developed (3.1774.7 Â 10 6 /kg) compared to the 43 patients who did not develop chronic GVHD (5.476.3 Â 10 6 /kg). The difference was statistically significant (P ¼ 0.037). Using ROC curve analysis, CD34 þ /CD33 þ cell dose was a negative predictor of chronic GVHD at a threshold of 1.33 Â 10 6 /kg with a sensitivity of 64%, a specificity of 77.1% and a total accuracy of 72.6%. Comparing patients who received X to those who received o the threshold dose, 5/41 (12.2%) of the first group developed chronic GVHD compared to 9/21 (42.9%) of the second. The difference was found to be statistically significant (P ¼ 0.006) (Figure 3) .
Impact of CD34 þ cell dose and subsets on relapse and TRM Patients were followed up for a period of 19-30 months with a median of 25 months. Relapse occurred in six patients at 135-305 days post transplant. They included one CLL, two ALL, two ANLL and one MDS patient. Autologous reconstitution occurred in one patient with SAA at day 200. All seven patients died. In all, 16 more patients died, 13 with infection associated with VOD in one, with acute GVHD in another and with chronic GVHD in a third. The remaining three cases died, one with isolated VOD and the other two with severe acute GVHD. CD34 þ cell dose and subsets had no impact neither on relapse nor on TRM. There was no statistically significant difference in the doses of various subsets transfused between patients who relapsed and those that were still in remission and between those who died and those who were still alive at last follow-up.
Discussion
Rapid and durable engraftment is the immediate post transplantation concern. Hence, proper assessment of the graft potential to achieve this goal is essential. The specific biological factors leading to a more rapid engraftment are yet to be identified fully and represent a gap in the basic understanding of stem cell biology. 8 With the introduction of PBSC as a substitute for BM in many cases, it was realized that there are important phenotypic and biologic distinction between them; the former is claimed to be associated with more rapid engraftment. [9] [10] [11] [12] These considerations make it essential to evaluate, properly, the engraftment potential especially in case of PBSCT. Although the specific identification of stem cells remains illusive, they can be phenotypically identified as a subset of all circulating CD34 þ cells; standardized methods of their enumeration are well established 7, 13 and total CD34 þ cell dose is currently the golden standard in evaluation of the graft. However, with the same CD34 þ cell dose/kg body weight variability in engraftment kinetics are still encountered. Very high doses of CD34 þ cells are always associated with prompt engraftment; 14, 15 on the other, hand low doses are known to result in delayed engraftment. [16] [17] [18] It is the intermediate dose that exhibits marked variability that is not directly correlated to the total CD34 þ cell dose. 16 The clinical importance of an accurate indication of graft stem cell content and the definition of an optimal PBSC dosage has become clear. 2 Among other reasons, the minimum threshold dose of PBSCs required to obtain adequate engraftment can be affected by the composition of the stem cell graft, that is, the balance of subpopulations of CD34 þ HSC. 19 Accordingly, search for CD34 þ subset(s) that could be better predictor(s) of engraftment has gained a lot of interest in the past few years. 20 All the studies available in the literature deal with autologous transplantation. However, the kinetics of engraftment would be expected to be the same whether the graft is an auto or an allo one. Marked variability in the relative constitution of the graft with regard to CD34 subsets was reported after mobilization with GCSF alone 21, 22 or with both chemotherapy and GCSF. 13, 21 A range of 0-90% for CD34 þ /CD33À of the total CD34 þ population was reported by Millar et al 22 and of 0-99% by Pecora et al. 21 Ranges of 4.8-47.5% for CD34 þ /CD38À, CD34 subsets and engraftment in allogeneic PBSCT AM Kamel et al of 2-48.4% for CD34 þ /DRÀ, of 46.4-89.5% for CD34 þ /CD71 þ and of 47.6-97.2% for CD34 þ /CD13 þ were also reported. 20 With the introduction of PBSCT, concern was raised about the potential higher risk of GVHD. Many randomized controlled trials 6, 9, 11, 22, 23 and many cohort studies 12, [24] [25] [26] have examined the relative risk of acute and chronic GVHD after PBSCT. All have concluded that the risk of acute GVHD is not higher in PBSCT compared to BMT, but the findings in relation to chronic GVHD were controversial. A comparable incidence was claimed by some authors. 21, 27 However increasing evidence supports that with PBSCT, chronic GVHD is of higher incidence, likely to be more severe 3, 5 and more difficult to control. 28 A higher T-cell dose delivered with the graft was accused by Cutler et al; 5 however, the study of Zauch et al 3 pointed to the total CD34 þ cell dose as the main factor contributing to chronic GVHD and neither CD3 þ nor CD14 þ cell dose seemed to play any role. A highly morbid condition as it is, chronic GVHD is claimed to be protective against relapse 5, 29 and may be associated with better long-term survival particularly in high-risk patients. 12, 30, 31 Accordingly, proper evaluation of the engraftment potential of the CD34 þ population and its subsets included in the graft might be helpful to determine the dose needed to secure engraftment and at the same time to decrease the risk of chronic GVHD especially in standard-risk patients.
In the present work, we analyzed the impact of total CD34 þ cells as well as different subsets on neutrophil engraftment presented by X0.5 and X1 Â 10 9 /l and platelet engraftment presented by X20 and X50 Â 10 9 /l as well as their impact on acute and chronic GVHD, relapse and TRM.
No significant correlation to platelet engraftment was encountered while fair correlation to neutrophil engraftment was encountered with three subsets namely total CD34 þ , CD34 þ /CD38À and CD34 þ /CD61À cell dose. Four parameters were predictors of rapid neutrophil engraftment (p14 days); the best being CD34 þ /DRÀ, CD34 þ /CD38À, CD34 þ /CD61À and total CD34 þ . Comparing engraftment kinetics in patients who received X to those who received o the threshold dose, statistically significant shorter time to engraftment was encountered with all except CD34 þ /CD38À subset. Four parameters were predictors of early platelet engraftment (p11 days), namely CD34 þ /CD61 þ , CD34 þ /CD38À, total CD34 þ and CD34 þ /CD71À. Comparing engraftment kinetics in patients who received X to those who received o the threshold dose, a significantly shorter time to platelet engraftment was encountered only with CD34 þ /CD61 þ subset. A relationship between the dose of CD34 þ cells and the tempo of hematological recovery has been demonstrated for both BMT 17 and PBSCT. 18 The higher the CD34 þ cell dose, the quicker the recovery. 14, [32] [33] [34] The relative importance of total CD34 þ cells and its different subsets as predictors of early and/or durable engraftment was quite variable in different reports. For neutrophil engraftment, total CD34 þ cell dose was claimed to be a better predictor. 35, 36 However, this was denied by the majority of workers; the most commonly reported predictors were CD34 þ /CD33À, CD34 þ /CD38À and CD34 þ /L-selectin þ cell dose. [37] [38] [39] CD34 þ /Thy1 þ cell dose was claimed to be important for durability. 13 The relative importance of subsets may be more evident when low numbers of CD34 þ cells are infused; the presence of higher numbers of CD34 þ /CD33À or CD34 þ /CD38À cells predicts early neutrophil engraftment. 20, 40 For platelet recovery, total CD34 þ cell dose was recognized as a predictor as well as the following subsets:
13, 37 Platelet recovery has been reported to be more sensitive to CD34 þ dose than neutrophil recovery; 8, 41 the threshold dose to achieve rapid platelet recovery varied between 5 Â 10 6 /kg [42] [43] [44] [45] and 15 Â 10 6 /kg. 46 Patients who received 45 Â 10 6 CD34 þ cells/kg required significantly fewer platelet units, 45 shorter duration of antibiotic therapy 45, 47 and shorter hospital stay. 47 Studies on cord blood were of special importance on account of the longer time needed for hemopoietic reconstitution especially of platelets. The observation that the best predictor of neutrophil recovery is the total progenitor cell dose transplanted for kg body weight of the patient, 48 prompted analysis whether the dose of the progenitor cell subset specific for megakaryocytic differentiation (measured in colony assay as Meg-CFC) would better predict time for platelet recovery. However, this was not found to be the case 49 because in cord blood there is a perfect correlation between the Meg-CFC and the total CFC content. Apparently, this perfect correlation is not maintained after mobilization whether by GCSF alone or in combination with chemotherapy [20] [21] [22] , which was further emphasized by the results of the current study.
In this work, comparing platelet engraftment kinetics in patients who received X to those who received o the threshold dose of CD34 þ cells and different subsets, only CD34 þ /CD61 þ retained its statistical significance (P ¼ 0.03). Furthermore, the former group required significantly lower number of platelet units compared to the latter group (P ¼ 0.018).
The marked variability in the literature may be attributed to the variability in the subsets tested in each study, the method of statistical analysis using univariate vs Cox proportional hazards models 35 and the studied patient population. One important explanation may be derived from ISHAGE, 1999 report 46 who documented rapid trilineage engraftment in all cases receiving X10-15 Â 10 6 /kg total CD34 þ and slow engraftment with a dose o2 Â 10 6 /kg body weight. With doses in the range of 2-10 Â 10 6 /kg, platelet engraftment could not be predicted from total CD34 þ cells but in 75% of cases it could be predicted from CD34/CD61 þ (Po0.02) and CD34 þ / CD38À (Po0.001) and in the remainder from CD34 þ / GlycoA (Po0.05) and CD34 þ /TPO þ (Po0.01). Accordingly, in cases giving excellent yield as in cancer breast, all patients would lie within the high-dose category with rapid short recovery not correlated to any CD34 þ cell subset. 36 While in other cases with variable yields, different subsets may gain a predictive power, not only for rapid engraftment but also as an indicator of post transplant G-CSF administration. 50, 51 These latter authors proposed a cutoff of 5 Â 10 6 /kg CD34 þ /CD38À cell dose to justify the need for post transplant G-CSF.
In this work, the cutoff threshold of total CD34 þ cells to secure rapid engraftment was 8.95 Â 10 6 /kg body weight. Although we are dealing with allografts, yet this compares well to the X10 Â 10 6 /kg reported for the autografts. It would be recommended that this latter dose should not be exceeded to avoid long-term deleterious effects in the form of chronic GVHD at least in standard-risk patients. With lower doses it is important to analyze the CD34 þ subsets. In this work, however, we could not confirm the previous finding that a higher dose of CD34 þ cells is associated with a higher incidence of chronic GVHD. The only significant finding was a negative impact of absolute CD34 þ /CD33 þ cell dose on chronic GVHD. A large scale study including all possible subsets on a large number of patients is recommended to define the most relevant predictor(s) of rapid engraftment, to define the cutoff threshold that would secure engraftment (even if delayed) and to define the cutoff at which GCSF should be started immediately post transplant not waiting for the possible delay as well as to document the potential impact on incidence and/or severity of chronic GVHD.
